The pyrophosphate (PPi) analogue phosphonoformic acid (PFA or foscarnet) inhibits the reverse transcriptase (RT) of the human immunodeficiency virus type 1 (HIV-1); however, the mechanisms of drug action and resistance remain elusive. Here we studied the effects of the translocational status of HIV-1 RT on drug binding and inhibition of DNA synthesis. We identified "hot spots" for inhibition during active elongation. Site-specific footprinting analyses revealed that the corresponding complexes exist predominantly in the pre-translocational state. The sensitivity to PFA is significantly reduced with sequences that show a bias toward the post-translocational state. Binding studies showed that PFA stabilizes selectively the complex in the pre-translocated configuration. These findings are consistent with a Brownian ratchet model of polymerase translocation. The enzyme can rapidly shuttle between pre-and post-translocated states. The bound inhibitor acts like a pawl of a ratchet and prevents the forward motion of HIV-1 RT, whereas the bound nucleotide binds to the post-translocated complex and prevents the reverse motion. The proposed mechanisms of RT translocation and drug action are consistent with the PFA-resistant phenotypes. We show that certain sequences and the PFA-resistant E89K mutant diminishes the stability of the pre-translocated complex. In these cases, the enzyme is seen at multiple positions around the 3 end of the primer, which provides a novel mechanism for resistance. These findings validate the pre-translocated complex as a target for the development of novel, perhaps less toxic and more potent inhibitors that block HIV-1 RT translocation.
Different classes of inhibitors that target the reverse transcriptase (RT) 4 of the human immunodeficiency virus type 1 (HIV-1) have been developed (1) . Nucleoside analogue reverse transcriptase inhibitors (NRTIs) are major components in drug regimens that are currently used in the clinic. Two different NRTIs are usually combined with a non-nucleoside analogue RT inhibitor (NNRTI) or a protease inhibitor. The triphosphate forms of NRTIs compete with natural nucleotide pools for incorporation, and, once incorporated, the monophosphate acts as a chain terminator. NNRTIs bind to a hydrophobic pocket in the vicinity but not at the active site of HIV-1 RT. Previous studies have suggested that these compounds interfere with the chemical step, whereas nucleotide binding does not appear to be largely affected (2, 3) . Here we studied the mechanism of action of the pyrophosphate (PP i ) analogue phosphonoformic acid (PFA or foscarnet), which represents a third class of RT inhibitors.
PFA shows a broad spectrum of antiviral activities against various members of the Herpesviridae and Retroviridae (4) . The inhibitor is used in the clinic to treat infection with herpes simplex virus type 1 and type 2 (HSV-1 and HSV-2), the human cytomegalovirus, and other related herpesviruses when firstline agents have failed (5) . Toxic side effects and its poor bioavailability limit its clinical utility as a component in drug regimens for HIV treatment. Despite these problems, PFA is sometimes used in patients infected with multidrug-resistant HIV-1 variants when no other treatment options are available (6) . The beneficial effects of this drug have been primarily associated with its resistance profile. With few exceptions, mutations that confer decreased susceptibility to NRTIs and NNRTIs do not affect susceptibility to PFA (7) (8) (9) . Most importantly, mutations associated with PFA resistance were shown to increase susceptibility to the nucleoside analogue 3Ј-azido-3Ј-deoxythymidine (zidovudine or AZT) (10, 11) . Biochemical data have shown that PFA-associated resistance mutations diminish the phosphorolytic excision of incorporated chain terminators such as AZT-monophosphate (8, 12) . Wild type HIV-1 RT is capable of removing AZT-monophosphate in the presence of pyrophosphate (PP i ) (13) , or a PP i donor such as ATP (14) . Rates of the ATP-dependent excision reaction are significantly increased with RT enzymes containing thymidineassociated resistance mutations, which provides an important mechanism for resistance to this class of compounds (15) .
The mechanisms involved in PFA drug action and drug resistance remain to be elucidated. Steady-state kinetics with retroviral RT enzymes, and DNA polymerases of herpes simplex virus or cytomegalovirus suggest a non-competitive mode of inhibition of DNA synthesis with respect to the deoxynucleoside triphosphate (dNTP) substrate (4, 16, 17) . In contrast, PFA competitively blocks pyrophosphorolysis and PP i exchange reactions, which points to overlapping binding sites for PFA and PP i (18) . HIV-1 RT has been crystallized in various forms in the presence of primer/template without and with a bound dNTP substrate (19, 20) ; however, structures of ternary complexes with PFA or PP i are not available. In a single cycle of nucleotide incorporation, PP i is generated following the formation of a new phosphodiester bond (21) (22) (23) . Binding of the next complementary nucleotide requires the release of PP i from this product complex. The enzyme must translocate a single template position further downstream to clear the nucleotide binding site (N-site). This motion relative to the nucleic acid substrate brings the 3Ј end of the primer to the priming or product site (P-site) (24, 25) . The latter configuration is referred to as the post-translocational state. Cross-linking experiments revealed that pyrophosphorolysis or the ATP-dependent excision can only occur in the former pre-translocational state (26, 27) . To account for the non-competitive mode of inhibition it has been suggested that PFA may likewise bind to the pre-translocated complex (8) . High concentrations of PFA appear to excise incorporated AZT-monophosphate, which provides some support for this notion (44) . However, it remains to be seen whether the pre-translocational state is accessible during active DNA synthesis. If so, what is the underlying mechanism?
We have recently developed site-specific footprinting techniques that allow the distinction between pre-and post-translocated states (27) . Here we demonstrate that the sequence of the nucleic acid substrate affects the ratio of pre-and posttranslocational states at a given template position. PFA-mediated inhibition of DNA synthesis is linked to primer/template sequences that facilitate the formation of the pre-translocational state. These findings suggest that pre-and post-translocated complexes equilibrate immediately following each nucleotide incorporation event. The PP i analogue traps the pre-translocated complex, which prevents binding of the next nucleotide. PFA is therefore a competitive inhibitor. The non-competitive mode of inhibition is a consequence of the increased stability of the product complex, which diminishes the turnover. The results of this study validate the pretranslocated complex as a target for drug discovery and development efforts.
EXPERIMENTAL PROCEDURES
Enzymes and Nucleic Acids-Heterodimeric reverse transcriptase p66/p51 was expressed and purified essentially as described (28) . Mutant enzymes were generated through sitedirected mutagenesis using the Stratagene QuikChange kit according to the manufacturer's protocol. Oligodeoxynucleotides used in this study were chemically synthesized and purchased from Invitrogen. The following sequences were used as templates: PPT57, CGTTGGGAGTGAATTAGCCCTTCCAGTCCC-CCCTTTTCTTTTAAAAAGTGGCTAAGA; PPT31, CCA-TCCAGTCCCCCCTTTTCTTTTAAAAAGT. The following sequences were used as primers: PPT, TTAAAAGAAAAGGG-GGG; PPTϩ2, TTAAAAGAAAAGGGGGGAC; PPTϩ3, TTA-AAAGAAAAGGGGGGACT; PPTϩ4, TTAAAAGAAAAGGG-GGGACTG; PPTϩ5, TTAAAAGAAAAGGGGGGACTGG; PPTϩ6, TTAAAAGAAAAGGGGGGACTGGA; PPTϩ7, TTA-AAAGAAAAGGGGGGACTGGAA; PPTϩ11, AAAGGGGGG-ACTGGAAGGGC; PPTϩ12, AAGGGGGGACTGGAAGG-GCT; PPTϩ15, GGGGGACTGGAAGGGCTAAT; PPTϩ16, GGGGACTGGAAGGGCTAATT.
Deoxynucleotide and dideoxynucleotides were purchased at Fermentas Life Sciences. AZT-triphosphate was purchased from Trilink Biotechnologies, and phosphonoformic acid was purchased from Sigma.
DNA Synthesis-1 pmol of the 5Ј-labeled PPT primer was heat annealed with 3 pmol the template. The DNA/DNA hybrid was incubated with 3 pmol of HIV-1 RT in a buffer containing 50 mM Tris-HCl, pH 7.8, 50 mM NaCl, and 6 mM MgCl 2 , in the absence or presence of PFA and 10 M each of the four dNTPs. The reaction was allowed to proceed at 37°C for 3 min, and stopped by the addition of 100 l of 90% isopropyl alcohol, 300 mM ammonium acetate, and 10 ng/l bulk Escherichia coli tRNA. The DNA was resuspended in 10 l of 100% formamide containing traces of bromphenol blue and xylene cyanol. The samples were analyzed on 8% denaturing polyacrylamide gel followed by phosphorimaging.
Site-specific Footprinting-KOONO was prepared by stirring 10 ml of 1.2 M KNO 2 with 1.4 ml of 30% H 2 O 2 on ice. 10 ml of 1.4 M HCl was added to the stirring solution and immediately quenched with 10 ml of 2 M KOH. Aliquots were stored at Ϫ80°C. In preparation of the footprinting reaction, the 3Ј endlabeled template was heat annealed with the primer. The DNA/ DNA hybrid (1 pmol) was incubated with 6 pmol of RT in a buffer containing sodium cacodylate, pH 7 (120 mM), NaCl (20 mM), dithiothreitol (0.5 mM), and MgCl 2 (6 mM) in a final volume of 20 l. Different concentrations of PFA were then added to the reaction followed by an incubation of 10 min at 37°C. The complex was treated with 1.5 l of KOONO (100 mM).
Gel Mobility Shift Assay-The radiolabeled DNA/DNA hybrid (1 pmol) was incubated with 5 pmol of HIV-1 RT in a buffer containing 50 mM Tris-HCl, pH 7.8, 50 mM NaCl, and 6 mM MgCl 2 in a final volume of 20 l. The DNA primer was first chain terminated with the appropriate ddNTP to prevent incorporation of the next complementary nucleotide. PFA or the templated nucleotide, respectively, was then added at different concentrations prior to the addition of heparin (1.5 g/l). The complexes were incubated for 60 min at room temperature, and the samples containing 50% sucrose were analyzed on non-denaturing 6% polyacrylamide gels. The results were quantified as the fraction of shifted primer/template for each concentration of substrate used. Apparent K d was estimated by fitting the quantified results to a hyperbola for one site binding (Y ϭ B max ϫ X(K d ϩ X)) as previously described (29) .
Steady-state Kinetics-Steady-state kinetic parameters K m , k cat , and K i for single nucleotide incorporation events in the presence or absence of PFA were determined through gelbased assays (30) . We used three different primers (PPTϩ4, PPTϩ6, and PPTϩ16) that allow the study of single nucleotide incorporation events. The incorporation of the nucleotide was monitored at a single time point in the presence of increasing concentrations of the next complementary nucleotide. K i values were determined in the presence of increasing concentrations of PFA. Reactions were carried out in the presence of 50 mM Tris-HCl, pH 7.8, 50 mM NaCl, 0.6 pmol of primer/tem-plate, and 0.08 pmol of active site RT. Nucleotide incorporation was initiated by the addition of MgCl 2 to a final concentration of 6 mM, and reactions were allowed to proceed for 7 min at positions ϩ4 and ϩ16, and 3 min at position ϩ6 to ensure that the rates of the reactions were within the linear range. The excess of primer/template (DNA substrate) over the RT and the linear range of product formation ensured and confirmed, respectively, the steady-state conditions of single nucleotide incorporation. The samples were analyzed as described above. Single nucleotide incorporation was quantified as the fraction of the DNA substrate (template/primer) converted to product (template/primer ϩ 1 nucleotide). 
RESULTS
We conducted experiments that were designed to analyze possible sequence-dependent effects associated with PFA-mediated inhibition of DNA synthesis. The aim of this approach was to isolate and characterize complexes that either increase or decrease the inhibitory effects of PFA to study the possible link between the efficiency of inhibition and the translocation status of HIV-1 RT.
Hot Spots for PFA-mediated Inhibition of DNA Synthesis-We devised a heteropolymeric primer/template substrate and compared the patterns of DNA synthesis in the presence of increasing concentrations of PFA and PP i , respectively (Fig. 1) . The substrate was derived from the polypurine tract (PPT) of HIV-1 as previously described (30) . Reactions with PFA show distinct bands at positions ϩ2, ϩ3, ϩ7, ϩ8, ϩ12, ϩ14, ϩ16, and ϩ25 (Fig. 1A, left) . At low concentrations of the inhibitor, i.e. conditions that still permit full-length DNA synthesis, most prominent bands correspond to positions ϩ3 and ϩ16 (Fig. 1B, top) . At high concentrations of the inhibitor (Ͼ25 M), less sensitive sites, e.g. position ϩ1, can likewise be affected, which eventually leads to complete inhibition. This data shows that inhibition of DNA synthesis in the presence of PFA is sequence dependent. However, unlike classical chain terminators that interact with their complementary base, a common sequence-specific feature is not evident.
Reactions with PP i give rise to bands that are frequently offset by a single nucleotide, as compared with the reaction carried out with PFA ( Fig. 1 , A, right, and B, bottom). Major bands that are observed in the presence of PP i are seen at positions ϩ2, ϩ11, and ϩ15, as compared with major sites of inhibition with PFA that appear at ϩ3 and ϩ16 (Fig. 1B ). High concentrations of PP i facilitate the reverse reaction. Thus, the shift in the cleavage patterns suggests that PP i and PFA can bind to the same complexes, although the concentrations of PFA required to block DNA synthesis are significantly lower as compared with the inhibitory concentrations of PP i (micromolar versus millimolar) (Fig. 1A) . As pyrophosphorolysis must occur at the N-site in the pre-translocated state, it is conceivable that sequences associated with hot spots for PP i or PFA binding stabilize the pre-translocated state. To address this problem directly, we employed site-specific footprinting techniques that allow us to determine the position of HIV-1 RT on its primer/ template substrates at single nucleotide resolution.
Effects of the Translocational State of HIV-1 RT on PFA Inhibition-We devised primer/template substrates to generate the complexes that are associated with hot spots of inhibition. These substrates are referred to as PPTϩ3, PPTϩ7, PPTϩ12, and PPTϩ16. For comparative purpose, we have also included substrates for complexes at adjacent template positions (PPTϩ2, PPTϩ6, PPTϩ11, and PPTϩ15). With the exception of position ϩ2, the inhibitory effects of PFA are much less pronounced at the latter sequences. Inhibition at position ϩ2 is seen at concentrations Ͼ6 M, which indicates medium levels of inhibition. Treatment of these RT-DNA complexes with the chemical nuclease potassium peroxynitrite (KOONO), which is a metal-free source of hydroxyl radicals, was shown to cleave the template site specifically at positions Ϫ7 and/or Ϫ8. Position Ϫ1 corresponds to the template nucleotide that is base paired with the 3Ј-terminal nucleotide of the primer (27) . Cleavage at position Ϫ7 is indicative for the post-translocated state, whereas cleavage at position Ϫ8 is indicative for the pretranslocation state. The reaction is mediated through Cys 280 in the large subunit p66, which is located in the vicinity of the template. Here, we conducted the footprinting experiments in the absence and presence of increasing concentrations of PFA to study whether variations in the sequence can affect the ratio of complexes that exist pre-or post-translocation, and whether the inhibitor traps one or the other configuration.
The data show that complexes associated with PFA hot spots, e.g. PPTϩ16, exist predominantly in the pre-translocated state (cleavage at position Ϫ8) in the absence of inhibitor. Increasing concentrations of PFA do not cause a shift in the cleavage pattern ( Fig. 2A, top, right) . In contrast, complex PPTϩ15, which is not a PFA hot spot, exists as a mixture of preand post-translocated configurations, with preference toward post-translocation (cleavage at position Ϫ7) ( Fig. 2A, top, left) . Increasing concentrations of PFA cause a shift toward pretranslocation, which provides strong evidence that the inhibitor binds to and stabilizes specifically the pre-translocated state. A very similar trend is seen with the other pairs: PPTϩ3 and PPTϩ2, PPTϩ7 and PPTϩ6, and PPTϩ12 and PPTϩ11 (Fig. 2B) . Both PPTϩ3 and PPTϩ16 strongly promote PFAmediated inhibition and these two complexes pre-exist in the pre-translocated state in the absence of inhibitor. The other complexes exist as mixtures. The ratio of pre-and post-translocated states depends on both parameters: sequence context Cleavage at position n-7 is indicative for the post-translocated state, whereas cleavage at position n-8 is indicative for the pre-translocated state, whereby n refers to the newly added nucleotides to the PPT primer shown in Fig. 1 . The asterisk points to the radiolabel at the 3Ј end of the template. B, percentage of the complex population that exists pre-translocation at positions analyzed in this study.
and the concentration of PFA that is required to trap the complex in the pre-translocated configuration. Highest concentrations of PFA are required at positions ϩ6, ϩ11, and ϩ15 that are literally resistant to PFA inhibition. Intermediate concentrations of PFA are required at positions ϩ2, ϩ7, and ϩ12, and these complexes are associated with moderate levels of inhibition with PFA. These findings point to a correlation between the efficiency of inhibition and access to the pre-translocational state, which is further explored.
Relative Stability of Ternary Complexes with PFA or dNTP Substrate-To further study the role of the translocation status of HIV-1 RT with regards to the mechanism of PFA inhibition, we analyzed whether the sequence-dependent increase in access of the pre-translocational state correlates with increased binding of the inhibitor. Band shift experiments have revealed that binary complexes of HIV-1 RT and primer/template are unstable when challenged with a trap, e.g. heparin (29) . However, the presence of dNTP substrate can stabilize the complex, which prevents dissociation in the presence of trap. These findings are consistent with site-specific footprinting experiments showing that the nucleotide traps the complex in the posttranslocated state (27, 31) . Here we used complexes PPTϩ3, as an example for a pre-translocated complex, and PPTϩ6, as an example for a post-translocated complex, to look at the stability of ternary complexes with PFA and the next nucleotide, respectively (Fig. 3A) . We found that PPTϩ3 is stabilized with increasing concentrations of PFA, whereas a stable ternary complex is not formed with PPTϩ6. The extent to which the templated nucleotide stabilizes the two complexes follows the opposite trend. The apparent K d for dNTP at complex PPTϩ6 (K d(app) ϭ 0.7 M) is significantly lower as compared with complex PPTϩ3 (K d(app) ϭ 17.7 M). The data are consistent with our footprints and provide strong evidence to support the notion that PFA and the templated nucleotide bind to pre-and post-translocated states, respectively. Sequence variations that determine whether a given complex exists predominantly in one or the other configuration play a critical role in this regard.
To study whether PFA binds at or close to the PP i binding site in the pre-translocated state, we performed band shift experiments in the absence and presence of Mg 2ϩ ions (Fig. 3B) . Significantly lower concentrations of PFA are required to stabilize the complex in the presence of 6 mM Mg . This data suggest that PFA binding to the pre-translocated state occurs in close proximity to the metal binding sites at the active site of HIV-1 RT. PP i may bind to a similar location; however, there must be subtle differences in the mode of binding of PP i and PFA if one considers the differences in the inhibitory concentrations and the inability of PFA to act as PP i donor. Together these findings suggest that binding of PFA and the subsequent stabilization of the pre-translocated state could limit access to the post-translocated state. The dNTP substrate cannot bind to the pre-translocated state, because the 3Ј end of the primer and the bound PFA occlude the nucleotide binding site. This model predicts that the inhibition of DNA synthesis with PFA is competitive in nature.
Kinetic Consequences-To study the influence of the translocation status on steady-state kinetic parameters for a single nucleotide incorporation event and its inhibition with PFA, we devised a complex that is highly sensitive to PFA inhibition (PPTϩ16), and a complex that is less sensitive to PFA inhibition (PPTϩ6). We have also analyzed complex PPTϩ4, as another independent example for a template position that is not associated with PFA inhibition (see Fig. 1 ). The three sequences allow us to limit DNA synthesis to single nucleotide incorporation events in standing-start experiments (Fig. 4A) . The kinetic parameters are shown in Table 1 and changes with regards to K m and k cat values are shown in Fig. 4 , B-D. The efficiency of nucleotide incorporation (k cat /K m ) follows the order PPTϩ6 Ͼ PPTϩ16. These findings are consistent with the notion that sequences that promote the post-translocated state facilitate nucleotide incorporation (PPTϩ6), whereas sequences that exist predominantly pre-translocation (PPTϩ16) diminish the efficiency of nucleotide incorporation. The different nature of the incoming nucleotide, i.e. dATP and dCTP, respectively, is an additional factor that can affect the measurements of kinetic parameters. However, the inhibitor is identical in both reactions, and the efficiency of PFA inhibition follows the opposite order: PPTϩ16 Ͼ PPTϩ6. These findings are consistent with the notion that sequences that promote the pre-translocated state facilitate PFA binding (PPTϩ16), whereas sequences that exist predominantly post-translocation (PPTϩ6) diminish PFA binding. Inhibition with the PPTϩ6 complex is associated with decreases in k cat values, whereas K m values stay constant (Fig.  4C ). This pattern points to a non-competitive mode of inhibition, which is also evident when the assay involves multiple incorporation events on either homo-or heteropolymeric substrates (4). In contrast, inhibition of the PPTϩ16 complex is characterized by increases in K m values, whereas k cat values stay constant. This pattern points to a competitive mode of inhibition. Thus, in this sequence context, simultaneous binding of PFA and the nucleotide substrate is mutually exclusive. The footprints and the band shift experiments are in good agreement with steady-state kinetics, and these data together demonstrate that PFA is a competitive inhibitor that acts most efficiently at sequences that promote the pre-translocated state.
The non-competitive mode of inhibition seen with PPTϩ6 is a result of product inhibition under steady-state conditions. The stabilization of the product complex diminishes enzyme dissociation and its rebinding to the original substrate, which reduces the turnover. PPTϩ4 is literally resistant to PFA, which suggests that binding of the inhibitor to both the original and the product complex is severely compromised.
Resistance to PFA Inhibition-To study mechanisms associated with "natural," mutation independent, resistance to PFA, we performed site-specific footprinting experiments with complexes at positions ϩ4 and ϩ5. The footprints suggest that PPTϩ4 exist predominantly post-translocation, which allows nucleotide binding and prevents binding of PFA (Fig. 5A) . In contrast, cleavage associated with PPTϩ5 occurs at multiple sites, which indicates that neither the dNTP substrate nor PFA can efficiently bind in this sequence context. The presence of PFA eventually traps the pre-translocated state at relatively high concentrations. Thus, binding of PFA to both complexes PPTϩ4 and PPTϩ5 is severely compromised, which helps to explain the resistance phenotype at these sequences. In this context it is also important to note that template position ϩ5 is associated with intrinsic pausing of RT at limiting dNTP concentrations, which is in keeping with the observation that the stability of the post-translocated complex is likewise diminished. The selective pressure of PFA can cause the emergence of resistance conferring mutations in the RT gene in vitro and in vivo (7, 9) . With few exceptions, many of these mutations are too far away from the active site to affect the interaction with the dNTP or nucleic acid substrate directly (8) . The W88G change is perhaps the most prevalent mutation that is found in clinical isolates (7) . Crystallographic data suggest that a change at the adjacent position, i.e. E89K that is likewise selected under pressure of PFA, could affect the interaction with template at position Ϫ2 (20) . Table 1 ).
TABLE 1 Kinetic constants of single nucleotide incorporation and its inhibition by foscarnet
Single nucleotide incorporation reactions were performed at positions ϩ4, ϩ6, and ϩ16 using heat annealed primer/templates PPTϩ4/PPT57, PPTϩ6/PPT57, and PPTϩ16/PPT57, respectively, and analyzed as described under "Experimental Procedures." Values are means of three determinations Ϯ SD.
Enzyme
Position Substrate nucleotide To test the possible consequences with respect to primer/template binding, we conducted band shift experiments and found that the mutant does not diminish the affinity to the primer/ template substrate. This result is not surprising in view of the additional positive charge provided by the lysine. We then conducted footprinting experiments with complexes PPTϩ3 and PPTϩ6 to study possible effects of the mutant on the translocation status (Fig. 5B ). The pattern with PPTϩ3 that exist predominantly pre-translocation is reminiscent of the data obtained with PPTϩ5 (Fig. 5A ). In the absence of PFA, the wild type enzyme produces a single cut at template position Ϫ8, whereas the position of the mutant enzyme is not clearly defined (Fig. 5B ). There are four bands between Ϫ9 and Ϫ6 under the same conditions. Increasing concentrations of PFA eventually traps the complex specifically in the pretranslocated state. However, the concentration of PFA that is required to form the pre-translocated complex is higher with the mutant enzyme when compared with wild type RT. Overall, the footprinting results with the mutant enzyme suggest that the E89K change diminishes access to the pretranslocated state, which provides a plausible mechanism for PFA resistance (Table 1 ). The efficiency of nucleotide incorporation is likewise diminished when compared with WT RT, which is in keeping with our observation that the mutant enzyme can be localized at multiple positions around the active site.
DISCUSSION
The data presented in this study show that the PP i analogue PFA traps the pre-translocational state of HIV-1 RT. These findings have important implications for both the mechanism of action of this inhibitor and the mechanism of HIV-1 RT translocation. The proposed mechanisms for drug action and resistance have been developed on the basis of a "Brownian ratchet" model for polymerase translocation.
Mechanism of HIV-1 RT Translocation-Previous studies with T7 RNA polymerase described the mechanism of translocation during elongation either as an active process that requires nucleotide hydrolysis, or as a passive process that occurs independently of nucleotide hydrolysis. The former, referred to as "power stroke" model (25) , was developed on the basis of crystallographic snap shots of complexes with and without bound NTP and PP i , respectively. The power stroke model demands that the chemical energy from nucleotide hydrolysis is transformed into conformational changes that drive polymerase translocation following or concomitant with the release of PP i . A similar model that involves nucleotide hydrolysis as crucial requirement for polymerase translocation has been proposed for HIV-1 RT on the basis of crystal structures of the polymerase trapped in pre-and post-translocated states (24, 32) . The power stroke model implies that the enzyme ultimately translocates to the next position, which restricts access to the pre-translocated state during active DNA synthesis. Our findings with HIV-1 RT, showing that PFA traps the pre-translocated under these conditions, are inconsistent with this model.
A second model of polymerase translocation, referred to as Brownian ratchet or "translocational equilibrium" model (33) demands that the polymerase can rapidly move between preand post-translocated states and thermal energy is sufficient to drive the forward and reverse motion. The incoming nucleotide substrate acts like a pawl of a ratchet that traps the complex in its post-translocational state, which prevents the reverse motion. A related, more complex version of this model has also been proposed for multisubunit RNA polymerases (34, 35) . Our previous site-specific footprinting experiments with stalled HIV-1 RT complexes revealed that the presence of the templated nucleotide can stabilize and trap the post-translocated complex (27) . The next complementary nucleotide facilitates the formation of a stable ternary complex that blocks pyrophosphorolysis and the ATP-dependent excision of chain terminating nucleotides (15, 29) . Together, these observations are consistent with a Brownian ratchet model for polymerase translocation (36) . However, it has never been shown before that the pre-translocated complex can be trapped in the absence of nucleotide substrates. This is essential to demonstrate that the enzyme can shuttle between both configurations. Here we provide direct evidence to show that PFA traps the pre-translocated complex. Thus, the bound PFA can be described as a pawl of a ratchet that prevents the forward motion.
Effects of the Sequence on the Translocational EquilibriumWe identified complexes that exist predominantly pre-or posttranslocation, or as mixtures of the two configurations. The presence of only one or two cuts in our footprinting experiments suggests that pre-and post-translocated configurations are likely to be the most stable complexes; however, the sequence dependence points to differences in the relative sta- bility between the two species. This is crucial for the mechanism of PFA drug action. Hot spots for inhibition are seen at primer/template sequences that promote the formation of the pre-translocated state. In the absence of PFA or dNTP substrate, these complexes exist predominantly in the pre-translocated state. Complexes that exist predominantly post-translocation are less sensitive or resistant to PFA inhibition. These results suggest that the translocational equilibrium is rapidly established following the formation of each novel phosphodiester bond and the release of PP i . A similar conclusion was drawn from studies with T7 RNA polymerase showing that stalled and actively elongating complexes are equally sensitive to PP i (37) . Enzymatic and chemical footprinting studies with this enzyme have likewise pointed to single nucleotide shifts of the cleavage patterns when the experiments were conducted in the presence of PP i and NTP, respectively (37) (38) (39) . Moreover, single molecule studies with E. coli RNA polymerase revealed single base pair stepping during transcriptional elongation (40) . The Brownian ratchet model for polymerase translocation is consistent with all of the aforementioned observations made with E. coli RNA polymerase, T7 RNA polymerase, and here with the DNA polymerase HIV-1 RT.
The structural determinants that affect the translocational equilibrium remain to be characterized. The RT enzyme forms numerous contacts with the bound nucleic acid substrate, and each of these interactions could affect polymerase translocation (19) . Of note, changes at residues that confer resistance to PFA affect the positioning of the enzyme (see below). However, it will be challenging to define consensus sequences that promote either the pre-or the post-translocational state. The pre-translocated state is often associated with a thymidine at the 3Ј end of the primer; however, other bases have also been identified in this context, which supports the notion that interactions distant from the active site can also affect polymerase translocation.
Binding of PFA-Binding of PFA to the pre-translocational state suggests that the binding sites for PP i and its analogue may at least partly overlap, which is here supported by showing that the presence of divalent Mg 2ϩ ions increase the stability of the ternary complex (Fig. 6A) . Crystallographic data have shown that dNTP binding is associated with a closure of the fingers subdomain of HIV-1 RT (20) . It is probably this conformational change that stabilizes the ternary complex as compared with its binary form (29) . Binding of PFA to the pre-translocated complex may cause a similar structural change. The differences between PP i and PFA and their interactions with HIV-1 RT could be manifested at this state. The concentrations required to inhibit DNA synthesis with PP i are 2-3 orders of magnitude higher as compared with PFA. This is also reflected in the estimation of apparent K d values. We measured K d(app) values for PFA in the low micromolar range, whereas K d values for PP i are in the range between 5 and 10 mM (22) . Thus, PFA may facilitate the closure of the fingers, in contrast to its natural counterpart PP i that needs to be released from the complex. The primer/ template combinations that have been identified in this study and exist predominantly pre-translocation may help to crystallize HIV-1 RT in the ternary complex with PP i and/or PFA to address these questions. For T7 RNA polymerase, crystallographic data show that PP i binds to the pre-translocated state to the same location as the ␤-and ␥-phosphate of an incoming nucleotide in the post-translocated configuration (25) .
Mechanism of Action-We consider two scenarios with regards to the mechanism of drug action of PFA. First, the complex prior to nucleotide binding and incorporation exists predominantly in its pre-translocated state. PFA binds and traps the complex in this configuration (Fig. 6B, top scheme) , which in turn prevents binding of the nucleotide. These conditions translate in a competitive mode of inhibition. Moreover, binding of the next nucleotide is also diminished in the context of complexes that pre-exist pre-translocation, and limited dNTP pools cause intrinsic pausing of HIV-1 RT at these positions (data not shown). Thus, simultaneous binding of PFA and the dNTP substrate to the same complex in its pre-translocated state is mutually exclusive. This differs from models of translocation of multisubunit RNA polymerases in which nucleotide binding can occur pre-and post-translocation at distinct sites (40, 41) .
We consider a second scenario to explain the apparent noncompetitive mode of inhibition described in previous studies (4, 16) . Following the release of PFA, the nucleotide is eventually incorporated and a translocational equilibrium is established at the next position (Fig. 6B, bottom scheme) . A bias toward pretranslocation at this stage facilitates binding of PFA, which stabilizes the complex. Thus, the non-competitive mode of inhibition is a result of a reduced turnover, which explains why measurements under steady-state conditions that include multiple nucleotide incorporation events point to a non-competitive mechanism.
Mechanism of Resistance-Resistance to PFA inhibition is seen in the context of sequences that neither promote binding of PFA to the original complex, nor to the product complex after incorporation of a nucleotide (Fig. 6C) . The two complexes may exist predominantly post-translocation, or the stability of both configurations is diminished and neither configuration can be unambiguously identified. At the same time, these data demonstrate that the enzyme is not always positioned in the pre-or post-translocated states, although the sum of our footprinting experiments suggests that the two configurations provide the highest degree of stability. However, the PFA-resistant E89K mutant diminishes the stability of the pretranslocated complex, which provides a novel mechanism for resistance to PFA. The same mechanism helps to explain the diminished rates of the ATP-dependent excision reaction in the context of the E89K mutant. The "fuzzy" definition of pre-and post-translocated states affects also the incorporation of the next nucleotide. The diminished rates of DNA synthesis appear to translate into diminished viral replication fitness, which is the price for the development of resistance (42) .
Conclusions-The data presented in this study provide strong support for a Brownian ratchet model of HIV-1 RT translocation. The rapid establishment of a translocational equilibrium following each nucleotide incorporation event helps to explain how the pre-translocated state can be accessed and trapped during active DNA synthesis. These findings warrant further investigation with regards to the sequence dependence of this equilibrium and how changes in the ratio of preand post-translocational states affect nucleotide binding and incorporation, fidelity, mismatch extensions, and interactions with other RT inhibitors. Most importantly, the results of this study validate the pre-translocated complex as a target for the development of novel, more potent and less toxic compounds that block the translocation process. The primer/template substrates identified in this study may facilitate the screening for inhibitors that block polymerase translocation.
